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APPENDIX A
PCB ENVIRONMENTAL FATE AND EFFECTS

Because PCBs are the compounds of greatest concern in the area of the Housatonic River under
study, they will be the focus of this discussion. However, it is possible that other chemicals, such as
dioxins/furans, will warrant evaluation as well; the modeling concepts discussed below are equally
applicable to all hydrophobic, and in particular, bioaccumulative contaminants.

PCB CLASSIFICATION AND PHYSICAL/CHEMICAL PROPERTIES

Polychlorinated biphenyls (PCBs) are synthetic organochlorine chemicals of 12 carbon atoms, with
chlorine atoms substituted for hydrogen atoms in any of the 10 numbered positions, as shown in
(Figure 1). The positions can be referred to by name, with four ortho positions, four meta positions,
and two para positions. Positions occupied by chlorine atoms can be indicated, for example as 2,4'
or by the nonstandard but more convenient notation 2/4, which indicates the bilateral structure more
readily. The latter convention will be used in this appendix.

maata arihe
3 2 2 3
para 4 &
& g
meta ortho

Figure 1 Structure and Nomenclature of PCBs

PCBs can be classified into level-of-chlorination homolog groups, which are groups of PCB
congeners having the same number of chlorine substitutions. Level of chlorination affects various
physicochemical properties of the PCB molecule such as the octanol/water partition coefficient
(K,y): solubility, vapor pressure, and Henry’s Law constant, which in turn affect processes such as
volatilization, and loss from water, sediments, and floodplain soils. Similarly, level of chlorination
also controls (in part) biologically mediated processes such as biotransformation, uptake, and
accumulation (Schweitzer et al., 1997). Although there is still a range of variation within a homolog
group, in general PCB congeners with similar levels of chlorination tend to share similarities with
regard to these properties and processes. K, in particular, generally increases with increasing level
of chlorination and is a major controlling variable affecting the lipophilic behavior of PCBs, with
increased chlorine substitution usually resulting in a higher K, and consequent elevated affinity for
lipids. The relationship between certain physical constants and PCB homolog group is shown for
a number of PCB congeners in Table 1.
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Tablel

Examples of Structure and Physical/Chemical Properties of PCBs
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wt. % wt. % TEF g/mol g/m® Pa___ atm m¥mol
Mono CBP 0 0 189 7.2 2.3 4.47
1 2 7.38 4.601
2 3 4.88 4.421
3 4 4.88 4.401
Di CBP 0.244 0.16 223 2.2 0.6 5.19
4 2/2 5.35 5.023
8 2/4 0.094 3.53 5.301
15 4/4 0.15 0.16 2.34 5.335
Tri CBP 0.643 0.275 257 0.67 0.2 5.62
5 26/2 3.88 5.481
17 24/2 0.19 0.05 2.56 5.761
18 25/2 0.13 0.11 257.5 1.69 5.551
27 26/3 2.56 5.447
29 245/ 0.02 1.69 5.743
31 25/4 0.24 0.05 * 1.69 5.677
28 24/4 0.083 0.045 1.69 5.691
Tetra CBP 16.02 0.482 292 0.23 0.06 6.54
47 24/24 0.17 0.11 1.23 6.291
52 25/25 6.2 0.24 1.23 6.091
49 24/25 11 0.06 1.23 6.221
44 23/25 2.6 0.048 1.23 5.811
74 245/4 0.92 0.03 0.81 6.671
70 25/34 3.9 0.054 0.81 6.231
66 24/34 13 0.05 * 0.81 5.452
77 34/34 0.022 0.006 0.0005 0.28 6.523
Penta CBP 53.3 9.939 326 0.072 0.015 6.73
95 236/25 11 4 * 0.89 6.137
101 245/25 10 3.5 0.59 7.071
99 245/24 35 0.12 0.59 7.211
97 245/23 3 0.079 0.59 6.671
87 234/25 4.8 0.39 0.59 6.371
105 234/34 3.3 0.12 0.0001 0.59 6.657
110 236/34 10 13 * 0.59 6.532
114 2345/4 0.0005 0.39 6.657
118 245/34 7.7 0.43 0.0001 0.39 7.121
123 345/24 0.81 0.0001 0.39 6.747
126 345/34 0.003 0.1 0.26 6.897
Hexa CBP 26.19 40.84 361 0.021 0.005 7.16
151 2356/25 0.99 4.2 0.42 6.647
149 2346/25 4.9 11 0.42 7.281
153 245/245 51 11 0.28 7.751
132 234/236 2.8 2.9 0.42 6.587
137 2345/24 0.46 0.14 0.28 >7.711
138 234/245 7.7 9.3 * 0.28 7.441
158 2346/34 11 0.85 0.28 7.027
128 234/234 1.7 0.49 0.28 6.961
156 2345/34 1 0.45 0.0005 0.19 7.187
157 234/345 0.14 0.0005 0.19 7.187
167 245/345 0.21 0.21 0.00001 0.19 7.277
169 345/345 0.23 0.16 0.01 0.12 7.427
Hepta CBP 3.09 38.27 395 0.006 (0.0015) 7.28
187 2356/245 0.39 7.2 0.20 7.177
183 2346/245 0.31 33 0.20 7.207
174 2345/236 0.49 6.2 0.20 7.117
177 235/2346 0.29 3.2 0.20 7.087
180 2345/245 0.97 13 0.00001 0.13 7.367
170 2345/234 0.64 5.2 0.0001 0.13 7.277
189 2345/345 0.17 0.0001 0.09 7.717
Octa CBP 0.731 10.2 430 0.002 (0.0005) 7.88
201 2346/2356 0.68 2.9 0.15 7.627
203 23456/245 0.051 3.1 0.10 7.657
195 23456/234 13 0.10 7.567
194 2345/2345 2.9 * 0.06 8.683
Nona CBP 0 0.72 464 0.0007 (0.00015) 9.14
207 23456/2346 0.05 0.07 7.747
206 23456/2345 0.67 0.05 9.143
Deca CBP 0 0.05 499 0.0002 (0.00004) 9.6
209 23456/23456 0.05 0.03 9.603
Sum 100.218  100.936

MW, solubility, and v. pressure from Mackay et al., 1983; Koy, from Eisler and Belisle, 1996;* = non-Ah toxicity,

TEF = toxic equivalencies from Eisler and Belisle, 1996; Gerstenberger et al., 1997; and Kannan et al., 1998; structure from
Eisler and Belisle, 1996; Newman et al., 1998; parentheses indicate speculative values; Henry's Law, Brunner et al., 1990 est.
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The pattern of chlorine substitution affects toxicity (Schweitzer et al., 1997) and also influences
metabolism (biotransformation to other congeners) and thus bioaccumulation (Bright et al., 1995).
The more toxic PCBs are the coplanar congeners that have zero or one Cl in the ortho position
(Campfens and Mackay, 1997). The availability of adjacent unsubstituted carbons in meta and para
positions facilitates metabolic transformation (Bright et al., 1995) and detoxification and excretion
(Gutjahr-Gobell et al., 1999).

The Monsanto Company historically produced nine mixtures of PCBs known as Aroclors 1221,
1232, 1016, 1242, 1248, 1254, 1260, 1262, and 1268; the last two digits represent the percent Cl by
mass, except for 1016, which has 41% CI by mass (Newman et al., 1998). PCBs present in the
Housatonic River appear to be predominantly Aroclor 1260, although Aroclors 1254 and 1242 were
discharged as well (WESTON, 2000). Only approximately 75% of the 209 possible congeners were
actually produced in the synthesis of the commercial Aroclor mixtures. Congener-specific analysis
is important because of effects that have been linked to specific congeners (Gerstenberger et al.,
1997; Van den Berg et al., 1998).

It is not feasible to model all congeners in this modeling effort because of the computational load.
DiPinto and Coull (1997) found that in bioaccumulation studies classifying congeners according to
Kow Was more useful than classifying them according to degree of chlorination; K, is a function
of both the number and positioning of Cl on the PCB molecule. This methodology is also limiting
because it can mask patterns of biotransformation. Therefore, a compromise is to model homologs,
much as Thomann et al. (1991) did for the Hudson River, and to separately model some of the more
toxic congeners (e.g., PCBs 77, 126, and 169).

CHEMICAL AND MICROBIAL DEGRADATION AND LOSS

Some congeners are dechlorinated selectively by either aerobic or anaerobic bacteria (Butcher etal.,
1997). Only the heavier congeners are dechlorinated anaerobically, and only the lighter congeners
are degraded aerobically (Jafvert and Rogers, 1990). Some methanogenic bacteria, which are
anaerobic, dechlorinate PCBs at meta and para positions, enhancing Cl,, Cl,, and Cl; ortho-
substituted PCBs, and counteracting selective enrichment of some congeners (Bright et al., 1995).

The rate of anaerobic dechlorination depends primarily on meta and para removal (Brown et al.,
1984; Bedard and Quensen, 1995; Quensen et al., 1998; Sokol et al., 1998b). Different geographic
sites exhibit different characteristic specificities for PCB dechlorination; at least seven distinct
microbial dechlorination activities have been identified in Woods Pond (Wu et al., 1997a). Process
P is restricted to removal of para chlorines with at least one adjacent chlorine; primarily homologs
Cl, through ClI, are affected, with a large increase in congener 25/25, as has been noted in Woods
Pond (Bedard and May, 1996).

This process has a temperature optimum at 20°C (Wu et al., 1996) and a range of 12 to 34°C (Wu
et al., 1997b). Process N is restricted to removal of meta chlorines with at least one adjacent
chlorine; nearly all Cl; and Cl, and many Cl; homologs in Aroclor 1260 are subject to this process,
resulting in a large increase in congener 24/24, as noted in Woods Pond (Bedard and May, 1996).
This process has a range of 8 to 30°C (Wu et al., 1997b). Van Dort and Bedard (1991) found ortho
dechlorination of a congener; however, this process does not appear to be important in the field.
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This process has a temperature optimum at 15 and 27 °C and a range of 8 to 30°C (Wu et al., 1996);
it dominates at 15 °C (Wu et al., 1997b).

Bedard et al. (1997) stimulated a new unflanked para dechlorination activity, which they called
Process LP; this process works in concert with Process N to further dechlorinate PCBs. Process LP
has a temperature range of 18 to 30°C (Wu et al., 1997b). Overall, dechlorination of Aroclor 1260
occurs above 8°C, with optimal removal between 20 and 27°C (Wu and Wiegel, 1997).
Temperatures in the top 45 cm of sediments in Woods Pond are 1 to 4 °C in winter, 8 to 12 °C in
spring and fall, and 15 to 22 °C in summer (Wu et al., 1999).

Although disputed by some, Sokol et al. (1998b) found that removal is a function of PCB
concentration and that dechlorination is effective only above a threshold concentration. Anaerobic
transformation of highly chlorinated congeners into lower chlorinated congeners in a variable
environment makes them subject to later aerobic microbial degradation, which can oxidatively
mineralize lower CI congeners, especially homologs Cl, and Cl,, to carbon dioxide and water
(Bedard et al., 1987; Bedard and Quensen, 1995; Gerstenberger et al., 1997; Sokol et al., 1998b).
In one study, anaerobic dechlorination decreased total Cl by 36%; however, more than 33% of meta
and para Cl remained after 39 months of anaerobic incubation (Sokol et al., 1998a). In another study,
highly chlorinated congeners declined between 1988 and 1993 in an Ontario stream due to
dechlorination by anaerobic bacteria (Zaranko et al., 1997). Anaerobic dechlorination has been
coupled with aerobic biodegradation as a mechanism for bioremediation of PCBs (Abramowicz,
1994).

Volatilization can provide an important pathway for loss of PCBs. The lower chlorinated homologs
in particular are subject to volatilization, as indicated by their higher vapor pressures and lower
Henry’s Law constants summarized in Table 1 (the Henry’s Law constants currently are being
estimated using HenryWin Ver. 3.02 with verification from the experimental literature). This can
result in both a loss and source of the lighter homologs—a source because upon volatilization the
atmosphere is enriched with these homologs, which are then subject to atmospheric deposition.
PCBs, especially those that have been dechlorinated to Cl,, Cl,, and Cl,, are very susceptible to
volatilization upon drying; a maximum of 1.7% of PCBs were emitted per day in one experiment
(Bushart et al., 1998). Another experiment, using very thin sediment layers, found even larger loss
rates (Chiarenzelli et al., 1996).

Aside from volatilization and biotransformation by microbes and higher organisms, PCBs are
remarkably stable. They are affected by neither hydrolysis nor oxidation. Atmospheric
photodegradation has been shown to break down CI, homologs, but higher chlorinated compounds
are very resistant to this degradation pathway (Neely, 1983). In contrast, experiments with high-
intensity UV lamps showed significant dechlorination of Cl, through CI, congeners and
accumulation of Cl, through Cl, congeners in soil; however, direct sunlight exposure gave no
detectable response (IT Corp., 1999).
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SORPTION AND DESORPTION TO ORGANIC MATTER AND BIOAVAILABILITY

Dissolved and particulate organic detritus are very important in controlling both the direct and
dietary uptake of PCBs. Association of PCBs with colloidal and dissolved organic matter (DOM)
reduces bioavailability; such contaminants are unavailable for uptake by organisms (Landrum et al.,
1985, 1987; Stange and Swackhamer, 1994; Gilek et al. 1996; Butcher et al., 1998). Therefore, it is
imperative that DOM and DOM complexation with PCBs be modeled correctly. Not all organic
material is equal in sorptive affinity (Brannon et al., 1998).

Hydrophobic chemicals partition in nonpolar organic matter (Abbott et al., 1995). Humic acids
exhibit high polarity. In one study, natural humic acids from a Finnish lake with extensive marshes
were spiked with Cl,-PCB, but a resulting PCB-humic acid complex could not be demonstrated
(Maaretetal., 1992). Inanother study, Freidig et al. (1998) used artificially prepared Aldrich humic
acid to determine a humic-acid DOC partition coefficient:

log K

oc = 0.67 - log K, + 1.46

This is, in turn, compared to the relationship reported by Koelmans and Heugens (1998) for
partitioning to algal exudate:

log K

oc = 1.0+ log K, - 0.055

This strong association was found to limit availability to the living algae (Koelmans and Heugens,
1998). Nonpolar lipids in algae occur in the cell contents, and it is likely that they constitute part of
the exudate, which may be both excreted and lysed material.

Association of PCBs with particulate organic matter (POM) also removes the PCBs from being
available for direct uptake, but makes them available to the detrital food web, which is an important
pathway in rivers such as the Housatonic. Again, there appears to be a dichotomy in partitioning,
but in this case the literature suggests that it is the opposite of the pattern exhibited by DOM, in that
labile POM does not take up PCBs as rapidly as refractory POM. Algal cell membranes contain
polar lipids, and it is likely that this polarity is retained in the early stages of decomposition. The
coefficient of partitioning of PCBs to particulate organic carbon (Kyqc), does not remain the same
upon aging, death, and decomposition, probably because of polarity changes. Inan experiment using
fresh and aged algal detritus, there was a 100% increase in K, with aging (Koelmans et al., 1995).
Keoc Increased as the C/N ratio increased, indicating that the material was becoming more refractory.
In another study, K., doubled between day 2 and day 34, probably due to deeper penetration and
lower polarity (Cornelissen et al., 1997).

Bioavailability depends on the type of dissolved and particulate organic matter in the system.
Binding capacity of PCBs with POC is greater than that observed with DOC in Great Lakes waters
(Gilek etal., 1996) (Stange and Swackhamer, 1994). In a study using Baltic Sea water, less than 7%
of the PCBs were associated with DOC; most were associated with algae (Bjork and Gilek, 1999).
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In contrast, in a study using algal exudate and PCB 180 with log K, of 7.36, 98% of the dissolved
concentration was asa DOC complex and only 2% was bioavailable (Koelmans and Heugens, 1998).

Unfortunately, older data and modeling efforts failed to distinguish between PCBs that were truly
dissolved and those that were complexed with DOM. For example, the PCB water concentrations
for Lake Ontario, reported by Oliver and Niimi (1988) and used by many subsequent researchers,
included both dissolved and DOC-complexed PCBs (a fact that they recognized). In their steady-
state model of PCBs in the Great Lakes, Thomann and Mueller (1983) defined “dissolved” as that
which is not particulate (passing a 0.45-micron filter). Intheir Hudson River PCB model, Thomann
et al. (1991) again used this operational definition of dissolved PCBs.

The structure of a PCB congener and its origin are also important in determining the fate in the
detrital system. In deeper bodies of water, POM is often released as fecal pellets and sinks rapidly
to the bottom sediments (Baker et al. 1991). ClI, to Cl, homologs may be present in higher
concentrations in fecal material, but they are also released quickly (Baker etal., 1991). Planar PCBs
bind strongly to POM and are less bioavailable (van Bavel et al. 1996). Highly chlorinated
homologs sorb strongly to POM and are not assimilated easily by detritus feeders (Boese et al.,
1995).

BIOACCUMULATION AND BIOTRANSFORMATION
General Principles

Several early bioaccumulation models used the concept of a food-chain multiplier, which is now
considered excessively simplistic (Campfens and Mackay, 1997). Food-web modeling is now
considered necessary except for screening level studies (Abbott et al., 1995). The best way to assess
bioaccumulation accurately is to use more complex models, but only if the data needs of the models
can be met and there is sufficient time (Pelka, 1998). “Food web models provide a means for
validation because they mechanistically describe the bioaccumulation process and ascribe causality
to observed relationships between biota and sediment or water” (Connolly and Glaser, 1998).

Often there is an absence of equilibrium, especially in fish, due to insufficient exposure time or
organism growth, metabolic biotransformation, dietary exposure, and nonlinear relationships for very
large and/or superhydrophobic compounds (Bertelsen et al., 1998). Although it is important to have
a knowledge of equilibrium partitioning because it is an indication of the condition toward which
systems tend (Bertelsen et al.,1998), it is often impossible to determine steady-state potential due to
changes in bioavailability and physiology (Landrum, 1998). PCBs may not be at steady state even
in large systems such as Lake Ontario that have been polluted over a long period of time. In fact,
PCBs in Lake Ontario exhibit a 25-fold disequilibrium (Cook and Burkhard, 1998). The challenge
IS to obtain sufficient data for a kinetic model (Gobas et al., 1995).

Accumulation from sediment in plankton and fish is largely determined by degree of chlorination,
which affects both surface sorption and partitioning. Maximum bioaccumulation occurs for Cl., Cl,
and Cl, congeners; Cl, and Cl, congeners are depleted due to low lipophilicity; Clg; congeners are
depleted due to size or steric effects (Willman et al., 1997). Plankton and fish are enriched in high-
Kow congeners and depleted in low-K,, congeners; there is a systematic enrichment of Cl., Cl, and
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Cl, congeners and depletion in Cl, congeners with increasing trophic level (Oliver & Niimi, 1988;
Campfens and Mackay, 1997; DiPinto and Coull, 1997).

Within homolog groups, congeners with less ortho-substitution have greater K, values and are
accumulated up the food chain at a greater rate than other congeners in their homolog group.
Changes in distributions of congeners mainly are caused by transfers among biotic compartments
(Campfens and Mackay, 1997). There is no enrichment of mono- and non-ortho-substituted
congeners with an increase in trophic level. However, many coplanar congeners, especially the more
toxic PCB 77, are depleted with increasing trophic level; PCB 77 is almost certainly metabolized
(Campfens and Mackay, 1997).

Algae (Periphyton and Phytoplankton)

Bioaccumulation of PCBs in algae is dependent on solubility, hydrophobicity and molecular
configuration of the congener, and growth rate, surface area and type, and content and type of lipid
in the algae (Stange and Swackhamer, 1994). Phytoplankton biomass may double or triple in 1 day
and periphyton turnover may be so rapid that some PCBs will not reach equilibrium (Hill and
Napolitano, 1997); therefore, one should use the term “bioaccumulation factor” (BAF) for plants as
well as animals rather than “bioconcentration factor,” which implies equilibrium (Stange and
Swackhamer, 1994).

PCBs partition to lipids in algae, but the relationship is not a simple one. In phytoplankton, lipids
can range from 3 to 30% by weight (Swackhamer and Skoglund, 1991). However, not all lipids are
the same. Polar phospholipids occur on the surface. PCBs preferentially partition to internal neutral
lipids, but those are usually a minor fraction of the total lipids, and they vary depending on growth
conditions and species (Stange and Swackhamer, 1994). Algal lipids have a much stronger affinity
for PCBs than does octanol, so that the algal BAF,;; > Ky, (Stange and Swackhamer, 1994,
Koelmans et al., 1995; Sijm et al., 1998).

There is probably a two-step bioaccumulation mechanism for PCBs to algae, with rapid surface
sorption of 40 to 90% within 24 hours and then a small, steady increase with transfer to interior
lipids for the duration of the exposure (Swackhamer and Skoglund, 1991). Uptake increases with
increase in the surface area of algae (Wang et al., 1997). Therefore, the smaller the organism the
larger the uptake rate constant (Sijm et al., 1998). However, in small phytoplankton, such as the
nannoplankton that dominate the Great Lakes, although a high surface-to-volume ratio can increase
sorption, high growth rates can limit PCB concentrations (Swackhamer and Skoglund, 1991). The
combination of lipid content, surface area, and growth rate results in species differences in BAF
among algae (Wood et al., 1997).

The pattern of bioaccumulation to algae varies among PCB homologs: Cl,-Cl. have favorable steric
factors but low BAFs; Cl.-Cl, have favorable BAFs, some have favorable steric factors and high
BAFs, others have low steric factors and low BAFs; Cl, - Cl,, have high K,s, but poor steric
factors, so low BAFs (Stange and Swackhamer, 1994). Highly chlorinated congeners are associated
with cell membranes (phospholipids) (Stange and Swackhamer, 1994). There is no direct
relationship between BAF and K, for log K, > 7 (Swackhamer and Skoglund, 1991).

MK01|0:\20123001.096\MFD_A.wpd A' 7 9/22/00



Desorption is significantly slower than sorption (Swackhamer and Skoglund, 1991). Depuration
from algae is very slow (Zaranko et al., 1997). Elimination is not just a function of physicochemical
properties, but is assumed to be dependent on exudation (Koelmans and Heugens, 1998; Sijm et al.,
1998). It has been noted that sorption to algal exudates decreases bioavailability and, in many
studies, has resulted in underestimation of uptake rate constants and BAFs (Sijmetal., 1998). Algae
lack enzymes for dechlorinating PCBs (Hill and Napolitano, 1997), and no metabolism of PCBs has
been reported for algae.

Macrophytes

Gobas et al. (1991) conducted uptake and elimination experiments with PCBs and other chemicals
using the common aquatic weed Myriophyllum spicatum, and developed a kinetic model that fit the
observed data well.

Invertebrates (Zoobenthos and Zooplankton)

Invertebrates are a critical link in both detrital and phytoplankton food webs. Higher molecular
weight and more hydrophobic compounds are incorporated into sediments and are recycled by the
zoobenthos (Baker et al., 1991). Lower weight, lower hydrophobicity compounds tend to be
dissolved (Wood et al,. 1997), and their uptake is enhanced in filter feeders through sorption to
phytoplankton (Gilek et al., 1996).

The partitioning between sediment carbon and lipids in zoobenthos is referred to as the biota
sediment accumulation factor (BSAF, cf. Boese et al., 1995):

tissue concltissue lipid
sed conclsed TOC

BSAF =

Uptake of PCBs by benthic organisms is rapid (Zaranko et al., 1997). Ingestion rates in deposit
feeders can be greater than 100 times body weight/day (Forbes et al., 1998), and they feed selectively
on fine organic matter, which tends to have higher PCB concentrations (Boese et al., 1995, 1996).
Diporeia, a common freshwater amphipod, feeds on particles from 20 to 63 microns in size (Wood
etal., 1997); tubificids, which often dominate more polluted habitats, feed selectively on sediments
with high organic matter; chironomids (common midge larvae) are grazers of algae and gatherers
of detritus (Zaranko et al., 1997).

Much attention has been given to the role of pore water in the uptake of PCBs by benthos. However,
“it may be unwise to uncritically assume that pore-water contaminant is the most bioavailable.”
Many animal burrows are lined, and the composition of the water in burrows is equivalent to that
of the overlying water (Forbes et al., 1998). Campfens and Mackay (1997) found that predicted PCB
concentrations in benthos exceeded those measured for high-K,, congeners, possibly due to
assumptions regarding the respiration of pore water. Uptake of very hydrophobic compounds from
sediment was observed to be one to five times greater than that predicted by equilibrium partitioning
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from pore water (Loonen et al., 1997)—clearly the important pathway of exposure is through the
ingested detritus.

Bioaccumulation of lighter homologs may reflect direct uptake from water (Bright etal., 1995). The
exposure of filter feeders to the overlying water is quite different from that of deposit feeders. The
pumping rate of mussels is 100 times greater than that of a deposit-feeding clam; however, this is
offset somewhat by decreased efficiency of uptake at higher pumping rates (Bjork and Gilek, 1999).

Optimum bioaccumulation in invertebrates occurs with homologs Cl; to Cl,; homologs < Clg have
reduced partition values, and those > CI, have an unfavorable steric (size) effect (Wood et al., 1997).
A parabolic relationship was observed between Mytilus log BAF and log K, (Gilek et al., 1996).
Bioavailability declines with increasing hydrophobicity in Cl,-Cl,, homologs, and there is a negative
relationship for BSAF and log K, (Maruya and Lee, 1998). In Macoma nasuta there was an
observed reduction in uptake with increasing K, possibly due to reduced desorption rates from
sediment, increasing steric hindrance, and reduced translocation to lipid pools (Boese et al., 1997).
As a result, many experiments with highly chlorinated congeners do not reach steady state; for
example, uptake of Cl; did not reach steady state in M. nasuta in 30 days (Boese et al., 1995). M.
nasuta uptake efficiency for Cl,, was 0% (Kannan et al., 1998).

The longevity of homologs in sediments reflects in part the uptake or lack of uptake by invertebrates.
For example, in one study, CL, predominated in sediments (Kannan et al., 1998). In an experiment
by Boese et al. (1995) with deposit feeders, Cl; through Clg declined significantly in spiked
sediments over 30 days.

The quantitative relationships of dietary uptake have been quantified by several authors. In one
modeling study, gut absorption efficiency was computed by an empirical relationship with a
maximum of 0.43 (Campfens and Mackay, 1997). Data on uptake by small fish published by Gobas
et al. (1993) suggest a mean of 0.63, with no trend in efficiency between log K, 4.5 and 7.5
(although that was not their conclusion). Nichols et al. (1998) demonstrated that uptake is more
efficient in larger fish, with a mean of about 0.90. Invertebrates generally exhibit lower efficiencies;
Landrum and Robbins (1990) showed that values ranged from 0.42 to 0.24 for chemicals with log
Kows from 4.4 to0 6.7. Assimilation efficiencies of PCB congeners from algae were determined for
Mytilus edulis: 0.1 to 0.5 for PCB 31, 0.1 to 0.7 for PCB 49, and 0.2 to 0.7 for PCB 153 (log Koy
=7.751). PCB 153 assimilation efficiency was measured as 0.69 for zebra mussels; the formation
of pseudofeces (rejected food) in the presence of high algal concentrations could have caused
underestimation of the M. edulis assimilation efficiencies (Bjork and Gilek, 1999).

M. edulis gill assimilation efficiencies from water were 0.1-0.2 for PCB 31, 0.1-0.4 for PCB 49, and
0.3-0.6 for PCB 153 (Bjork and Gilek, 1999). Macoma nasuta, a deposit feeder, had an uptake
efficiency of 0.82 (Bjork and Gilek, 1999). Gill assimilation efficiencies decline with an increased
ventilation rate because of diffusional dead space and decreased contact time between gills and water
(Bjork and Gilek, 1999).

No relationship was found between depuration and K, (Boese et al., 1997). For reasons that are

not understood, PCBs accumulated from water are retained longer than those obtained from food
(Wang, 1998). Biotransformation of Clj; is rapid in M. nasuta (Boese et al., 1995). Chironomid
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larvae retained 97.8% of Aroclor 1242 after 7 days (Wang, 1998). Generally, non-ortho-substituted
congeners are stable in invertebrates (Bright et al., 1995). Coplanar PCBs biomagnify and achieve
steady state in Mytilus faster than nonplanar PCBs (Bergen et al., 1996). More detailed structural
activity relationships can be elucidated (for example, Wood et al. [1997]), but they are very specific
and are beyond the scope of this application.

Fish

Bioaccumulation of PCBs in fish is of concern because of risks to fish, wildlife, and humans.
Hydrophobic contaminants such as PCBs accumulate in fish with both increasing age, size, and
position in the food web. Stow and Carpenter (1994) found that age is a better predictor of PCBs
than size in Lake Michigan salmon.

There are several published K,,,-BCF models; in all, the intercept terms are negative because limited
accumulation in tissues other than lipid reduces concentrations expressed on a whole-fish basis
(Bertelsenetal., 1998). Unlike algae, there is no theoretical basis for a K,-lipid coefficient for fish
other than 1.0. In a study by Bertelsen et al. (1998), 90% of variance in the data was accounted for
by the combined model of log K, and total lipid:

log (K,, - Waterfrac) = 0.74 - log K, + 1.00 - log Lipidfrac + 0.72

where:
K = tissue-water partition coefficient;
Waterfrac = water content (fraction); and
Lipidfrac = lipid fraction.

Lipid fraction is quite variable among species and even in the same species over the course of a year
or lifetime. Lipid concentrations in fish have been documented to range from 2 to 27.6% (Sijm and
van der Linde, 1995; Zaranko et al., 1997; Gerstenberger et al., 1997). Fathead minnows have been
observed to have post-spawning reductions in lipid content of as much as 72% in males and 46% in
females due to breeding activities, including cleaning and defense of nests as well as egg laying
(Suedel et al., 1997).

Uptake kinetics are important for representing the short-term exposures associated with storm events
and accidental spills. There are two pathways for direct uptake: through the gills and through the
skin. Bioconcentration has been modeled over the last decade as diffusion through aqueous and lipid
layers (Gobas and Mackay, 1987; Barber et al., 1988; Erickson and McKim, 1990; Sijm and van der
Linde, 1995). The uptake rate constant k, increases with K, up to log K, 3, is constant between
log Ko, 3 and 6, then decreases with log K, > 6 (McKim et al., 1985); resistance changes from
lipid to aqueous at log K, = 3 (Sijm and van der Linde, 1995). PCBs with 4 or fewer Cl atoms are
most readily sorbed through the gills (Gerstenberger et al., 1997). Gill exposure is a function of
respiration rate, decreasing in larger fish (Thomann and Mueller, 1987).
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Dermal uptake can be significant for benthic feeders such as bullhead, which forage in sediments for
aquatic organisms ( Leadley et al., 1998). Juvenile spot fed copepods in contaminated sediment
accumulated 4.83 times more PCBs as fish fed in clean sediment; exposure was through both skin
and gills (DiPinto and Coull, 1997).

Dietary uptake may vary with molecular weight of the chemical, size of the predator, and the nature
of the food. The literature differs on the importance of the K. In pike fed spiked rainbow trout
there was no dependency of dietary uptake efficiency on K, but uptake efficiency did vary with
molecular weight. Uptake efficiency was observed to be greatest at a molecular weight of ~450,
which may be due to the structure of the membrane proteins; mediated uptake of pollutants
associated with proteins has been suggested (Burreau et al., 1997). Gobas et al. (1988) found that
uptake efficiency was constant up to log K, = 7 (discussed above with regard to invertebrates). In
brook trout (150 g mean weight) net gut uptake efficiencies were >80%, compared to juvenile (5 to
9 g) rainbow trout and whitefish, with 43-58% and 66-76% uptake efficiencies, respectively. If
changes occur with growth then this suggests that a single PCB uptake coefficient optimized for
subadults would overestimate for juveniles (Nichols et al., 1988). Dietary composition can affect
the uptake of PCBs, as shown by experiments with channel catfish (NIEHS, 1999).

Both depuration and, for some congeners, biotransformation can be important pathways for
elimination of PCBs in fish. Depuration in juvenile trout exhibits a curvilinear relationship with log
Kow, apparently decreasing beyond log K, = 7, perhaps because equilibrium is not attained among
compartments in the fish (Fisk et al., 1998). Lipid content and size are important for determining
the elimination rate constant. Much lower depuration rates (and hence higher half-lives) occur in
larger and/or fatter fish; for example, the half-life of a Cl, PCB in a 0.1-g guppy is 43 days,
compared to 5.6 years in a 900-g rainbow trout (Sijm and van der Linde, 1995). Elimination may
occur across the skin as well as through the gills, increasing in small fish with large surface area-to-
volume ratios (Sijm and van der Linde, 1995).

Metabolic transformation increases the elimination rate. Biotransformation has the greatest effect
on hydrophobic compounds where excretion approaches zero; limited accumulation of lower
chlorine homologs may be due in part to biotransformation (Endicott and Cook, 1994). Fish are
known to metabolize certain congeners, namely PCBs 101, 105, 107, 110, 138, and 170 (Hill and
Napolitano, 1997); primarily these are planar congeners, which are toxic. Few fish show enzyme
induction that would suggest lower Cl congeners are metabolized (Gerstenberger et al., 1997). In
fact, this may account for the bioaccumulation of lighter Cl congeners in salmonids (Bright et al.,
1995).

Migratory behavior of fish can be important in determining their exposure. For example, minnows
migrate during early spring and fall; PCB concentrations in minnows in an Ontario stream varied
seasonally with the lowest concentration in October (Zaranko et al., 1997). Likewise, migration of
striped bass in the Hudson estuary is significant and contributes to the observed variability in PCBs
(Thomann and Farley, 1998). In contrast, largemouth bass are known to be territorial and tend to
stay in their home areas (Parker and Hasler, 1959).
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Birds

PCB concentrations in mallards have been reported to be highly correlated with exposure (Cobb et
al., 1997) and exposure of mallards and wood ducks to PCBs has been documented in the
Housatonic River. Studies on tree swallows, which feed on emergent insects, have shown that total
PCB values in eggs and nestlings may attain near-steady-state and that enrichment of Ah-active
congeners occurs while other congeners are dechlorinated (Froese et al., 1998). Planar PCB
congeners (77 and 126) are very toxic to hatching chicken embryos (Hoffman et al., 1998). Young
of all bird species in the Green Bay, Wisconsin, area accumulated the toxic congeners PCBs 77, 105,
126, and 169 (Ankley et al., 1993).

A relatively simple two-compartment model representing the partitioning between fat and blood
plasma in gulls was shown to describe the concentration dynamics (Clark et al., 1988).

Mammals

Piscivorous mammals are exposed to high levels of pollutants due to feeding at the top of aquatic
food webs (Bremleetal., 1997). Variation in the rate of bioaccumulation of different congeners may
be due to steric factors that affect the binding energy of a substrate (Bright et al., 1995). In general,
higher-chlorinated PCBs have higher BAFs than lower-chlorinated PCBs. Congeners lacking Cl in
the meta and para positions exhibit low BAFs; in many mammals these are hydroxylated and
excreted (Bright et al., 1995; van Bavel et al., 1996).

Reduction in birth rate and weights have been observed in several studies of mink fed PCB-
contaminated food (Russell etal., 1997; Halbrook et al., 1999). A preferential enrichment of dioxin-
like congeners PCBs 126 and 169 occurs from fish to otters; these toxic compounds are retained in
the liver (Leonardsetal., 1997). PCB 77, another toxic congener, appears to be metabolized in otters
(Leonardsetal., 1997). A model developed by Traas et al. (in press) simulates bioaccumulation and
toxicity of dioxin-like congeners in otters. Sample and Suter (1999) used @RISK to model the
effects of PCBs on otter, mink, heron, and osprey in Poplar Creek and Clinch River, Tennessee.

TOXICITY

Although the toxicity of PCBs was briefly mentioned in the previous section on bioaccumulation,
a more detailed discussion is provided below. Few PCB congeners exhibit acute toxicity (Bright et
al., 1995), but exposure may result in chronic effects, adversely affecting survival, growth, and
reproduction (Suedel et al., 1997). Because of congener-specific toxicities, total body burden of
PCBs is inadequate for predicting effects (Schweitzer et al., 1997). Acute toxicity is demonstrated
by non-ortho-substituted planar congeners similar to dioxins; these dioxin-like congeners also
exhibit chronic toxicity (Bergen et al., 1996), including wasting disease (Suedel et al., 1997). The
non-ortho-substituted PCBs assume a planar configuration and have a high affinity for the dioxin
(Ah) receptor (Bright et al., 1995; Campfens and Mackay, 1997). The planar congeners PCBs 77,
126, and 169 have been demonstrated to date to be the most toxic congeners in fish and mammals
(Campfens and Mackay, 1997). Dioxin-like compounds have additive toxicity (Suedel et al., 1997;
Elonen et al., 1998). It is common to express the toxicities as toxic equivalency factors (TEFs)
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relative to the toxic potency of 2,3,7,8, tetradibenzodioxin (for example, Kannan et al., 1998; Traas
et al., in press). The mammalian, fish and bird TEFs are summarized in Table 2.

In contrast, ortho-substituted congeners have a low affinity for the Ah receptor and may exhibit low
toxicity—even insignificant sublethal effects (Suedel et al., 1997). However, exposure to some di-
ortho congeners (including PCBs 138, 153, 180, and 194) produce adverse effects (carcinogenicity,
neurotoxicity, and endocrine disruption) (Kannan et al., 1998). Other congeners that are not dioxin-
like include PCBs 28+31, 47+48, 66+95 (pairs that are analytically indistinguishable) and PCBs 110,
which have also been shown to be toxic in lab animals (Gerstenberger et al., 1997).

Information concerning toxicity of PCB metabolites is scarce; in general, metabolites of PCBs are
considered to be less toxic than their parent compounds. However, it has been demonstrated that
hydroxylated metabolites of PCB 77 bind competitively and are retained persistently in blood
(Klasson-Wehler et al., 1998).

In a study with an estuarine minnow, reduced feeding and reduction in growth occurred in fish fed
medium and high doses of PCBs. The bioaccumulation of congeners was proportional to that
observed in fish collected in the field, except for PCB 77, which may have been metabolized
(Gutjahr-Gobell et al., 1999). In another study, fecundity was reduced in association with the
reduction in growth; egg production was reduced by 77% at the highest dose (part of which was due
to 58% mortality) (Black et al., 1998a). This relationship was not found in the field, suggesting
differences in exposure routes (Black et al., 1998b). Inaddition, it has been shown that Aroclor 1260
can alter sex ratios in trout at environmental concentrations (Matta et al., 1998).
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Table 2

World Health Organization Toxic Equivalency Factors
(van den Berg et al., 1998)

Congener Human/Mammals Fish Birds
2,3,7,8-TetraCDD 1 1 1
1,2,3,7,8-PentaCDD 1 1 1°
1,2,3,4,7,8-HexaCDD 0.18 0.5 0.05°
1,2,3,6,7,8-HexaCDD 0.12 0.01 0.01°
1,2,3,7,8,9-HexaCDD 0.12 0.01° 0.1°
1,2,3,4,6,7,8-HeptaCDD 0.01 0.001 <0.001°
OctaCDD 0.0001° <0.0001 0.0001
2,3,7,8-TetraCDF 0.1 0.05 1°
1,2,3,7,8-PentaCDF 0.05 0.05 0.1°
2,3,4,7,8-PentaCDF 0.5 0.5 1°
1,2,3,4,7,8-HexaCDF 0.1 0.1 0.1
1,2,3,6,7,8-HexaCDF 0.1 0.1¢ 0.1
1,2,3,7,8,9-HexaCDF 0.12 0.1¢d 0.1¢
2,3,4, 6,7,8-HexaCDF 0.12 0.1¢¢ 0.1¢
1,2,3,4,6,7,8-HeptaCDF 0.01° 0.01° 0.01°
1,2,3,4,7,8,9-HeptaCDF 0.01° 0.01°¢ 0.01°
OctaCDF 0.0001° <0.0001°¢ 0.0001°¢
3,4,4' 5-TetraCB(81) 0.00012¢de 0.0005 0.1°
3,3',4,4-TetraCB(77) 0.0001 0.0001 0.05
3,3',4,4' 5-PentaCB(126) 0.1 0.005 0.1
3,3'4,4'5,5'-HexaCB (169) 0.01 0.00005 0.001
2,3,3',4,4'-PentaCB(105) 0.0001 <0.000005 0.0001
2,3,4,4' 5-PentaCB (114) 0.00053%f <0.000005° 0.0001°¢
2,3',4,4' 5-PentaCB(118) 0.0001 <0.000005 0.00001
2',3,4,4' 5-PentaCB(123) 0.000134f <0.000005° 0.00001°
2,3,3",4,4' 5-HexaCB (156) 0.0005¢¢ <0.000005 0.0001
2,3,3',4,4'5'-HexaCB (157) 0.0005¢%f <0.000005%¢ 0.0001
2,3'4,4'5,5-HexaCB (167) 0.00001%f <0.000005° 0.00001°
2,3,3',4,4'5,5-HeptaCB (189) 0.0001%¢ <0.000005 0.00001°

Abbreviations: CDD, chlorinated dihenzodioxins; CDF, chlorinated denzofurans; CR chlorinated biphenyls;
QSAR, quantitative structure-activity relationship.

2 Limited data set.

®In vivo CYP1A induction after in ovo exposure.

¢In vitra CYP1A induction.

¢ QSAR modeling prediction from CYP1A induction (monkey, pig, chicken, or fish).

¢ Structural similarity.

fNo new data from 1993 review.

9 QSAR modeling prediction from class-specific TEFs.

MK01|0:\20123001.096\MFD_A.wpd

A-l4

9/22/00



REFERENCES

Abbott, J.D., S\W. Hinton, and D.L. Borton. 1995. Pilot Scale Validation of the RIVER/FISH
Bioaccumulation Modeling Program for Nonpolar Hydrophobic Organic Compounds Using the
Model Compounds 2,3,7,8-TCDD and 2,3,7,8-TCDF. Environmental Toxicology and Chemistry,
14(11):1999-2012.

Ankley, G.T., G.J. Niimi, K.B. Lodge, H.J. Harris, D.L. Beaver, D.E. Tillett, T.R. Schwartz, J.P.
Giesy, P.D. Jones, and C. Hagley. 1993. Uptake of Planar Polychlorinated Biphenylsand 2,3,7,8-
substituted Polychlorinated Dibenzofurans and Dibenzo-p-dioxins by Birds Nesting in the Lower
Fox River and Green Bay, Wisconsin, USA. Archives of Environmental Contamination and
Toxicology, 24:332-344.

Baker, J.E., S.J. Eisenreich, and B.J. Eadie. 1991. Sediment Trap Fluxes and Benthic Recycling of
Organic Carbon, Polycyclic Aromatic Hydrocarbons, and Polychlorobiphenyl Congeners in Lake
Superior. Environmental Science & Technology, 25(3):500-508.

Barber, M.G., L.A. Suarez, and R.R. Lassiter. 1988. Modeling Bioconcentration of Nonpolar
Organic Pollutants by Fish. Environ. Toxicol. Chem., 7:545-558.

Bedard, D.L. and R.J. May. 1996. Characterization of the Polychlorinated Biphenyls in the
Sediments of Woods Pond: Evidence for Microbial Dechlorination of Aroclor 1260 in Situ.
Environ. Sci. Technology, 30:1:237-245.

Bedard, D.L., H.M. Van Dort, R.J. May, and L.A. Smullen. 1997. Enrichment of Microorganisms
that Sequentially meta, para-Dechlorinate the Residue of Aroclor 1260 in Housatonic River
Sediment. Environ. Sci. Technol. 31:3308-3313.

Bedard, D.L., R.E. Wagner, M.J. Brennan, M.L. Haberl, and J.F. Brown, Jr. 1987. Extensive
Degradation of Aroclors and Environmentally Transformed Polychlorinated Biphenyls by
Alcaligenes eutrophus H850. Applied Environ. Microbiology, 53:1094-1102.

Bedard, D.L. and J.F. Quensen Ill. 1995. Microbial Reductive Dechlorination of Polychlorinated
Biphenyls, inL.Y. Young and C.E. Cerniglia, Eds., Microbial Transformation and Degradation
of Toxic Organic Chemicals, New York: Wiley-Liss, pp. 127-216.

Bergen, B.J., W.G. Nelson, and R.J. Pruell. 1996. Comparison of nonplanar and coplanar PCB
congener partitioning in seawater and bioaccumulation in blue mussels (Mytilus edulis). Environ.
Toxicol. Chem, 15(9):1517-1523.

Bertelsen, S.L., A.D. Hoffman, C.A. Gallinat, C.M. Elonen, and J.W. Nichols. 1998. Evaluation of
Log K, and Tissue Lipid Content as Predictors of Chemical Partitioning to Fish Tissues.
Environmental Toxicology and Chemistry, 17(8):1447-1455.

Bjork, M. and M. Gilek. 1999. Efficiencies of polychlorinated biphenyl assimilation from water and
algal food by the blue mussel (Mytilus edulis). Environ. Toxicol. Chem, 17(7):1405-1414.

MK01|0:\20123001.096\MFD_A.wpd A'15 9/22/00



Black, D.E., R. Gutjahr-Gobell, R.J. Pruell, B. Bergen and A.E. McElroy. 1998a. Effects of a
mixture of non-ortho- and mono-ortho-polychlorinated biphenyls on reproduction in Fundulus
heteroclitus (Linnaeus). Environ. Toxicol. Chem, 17(7):1396-1404.

Black, D.E., R. Gutjahr-Gobell, R.J. Pruell, B. Bergen, L. Mills and A.E. McElroy. 1998b.
Reproduction and polychlorinated biphenyls in Fundulus heteroclitus (Linnaeus) from New
Bedford Harbor, Massachusetts, USA. Environ. Toxicol. Chem, 17(7):1405-1414.

Boese, B.L., H. Lee I, and S. Echols. 1997. Evaluation of a First-Order Model for the Prediction of
the Bioaccumulation of PCBs and DDT from Sediment into the Marine Deposit-Feeding Clam
Macoma nasuta. Environmental Toxicology and Chemistry, 16(7):1545-1553.

Boese, B.L., H. Lee I, D.T. Specht, J. Pelletier, and R. Randall. 1996. Evaluation of PCB and
Hexachlorobenzene Biota-Sediment Accumulation Factors Based on Ingested Sediment in a
Deposit-Feeding Clam. Environmental Toxicology and Chemistry, 15(9):1584-1589.

Boese, B.L., M. Winsor, H. Lee Il, S. Echols, J Pelletier, and R. Randall. 1995. PCB Congeners and
Hexachlorobenzene Biota Sediment Accumulation Factor for Macoma nasuta Exposed to
Sediments with Different Total Organic Carbon Contents. Environmental Toxicology and
Chemistry, 14(2):303-310.

Bremle, G., P. Larsson, and J.O. Helldin. 1997. Polychlorinated Biphenyls in a Terrestrial Predator,
the Pine Marten (Martes martes L.). Environmental Toxicology and Chemistry, 16(9):1779-1784.

Bright, D.A., S.L. Grundy, and K.J. Reimer. 1995. Differential bioaccumulation of non-ortho-
substituted and other PCB congeners in coastal arctic invertebrates and fish. Environ. Sci.
Technol., 29(10):2504-2512.

Brown, J.F., Jr., R.E. Wagner D.L. Bedard, M.J. Brennan, J.C. Carnahan, R.J. May, and T.J.
Tofflemire. 1984. PCB Transformations in Upper Hudson Sedimets. Northeast Environmental
Science, 3:167-179.

Brunner, S., E. Hornung, H. Santi, E. Wolff, O.G. Piringer, J. Altschuh, and R. Briiggemann. 1990.
Henry’s Law Constants for Polychlorinated Biphenyls: Experimental Determination and
Structure-Property Relationships. Environ. Sci. Technology, 24:1751-1754.

Burreau, S., J. Axelman, D. Broman, and E. Jakobsson. 1997. Dietary Uptake in Pike (Esox lucius)of
Some Polychlorinated Biphenyls, Polychlorinated Naphthalenes and Polybrominated Diphenyl
Ethers Administered in Natural Diet. Environmental Toxicology and Chemistry, 16(12):2508-
2513.

Bushart, S.P., B. Bush, E.L. Barnard, and Amelie Bott. 1998. Volatilization of Extensively
Dechlorinated Polychlorinated Biphenyls from Historically Contaminated Sediments.
Environmental Toxicology and Chemistry, 17(10):1927-1933.

Butcher, J.B., T.D. Bauthier, and E.A. Garvey. 1997. Use of historical PCB Aroclor measurements:

MK01|0:\20123001.096\MFD_A.wpd A'16 9/22/00



Hudson River fish data. Environ. Toxicol. Chem, 16(8):1618-1623.

Butcher, J.B., E.A. Garvey, and V.J. Bierman, Jr. 1998. Equilibrium Partitioning of PCB Congeners
in the Water Column: Field Measurements from the Hudson River. Chemosphere, 36(15):3149-
3166.

Campfens, J. and D. Mackay. 1997. Fugacity-Based Model of PCB Bioaccumulation in complex
aquatic food webs. Environ. Sci. Technol., 31(2):577-583.

Chiarenzelli, J., R. Scrudato, G. Arnold, M. Wunderlich, and D. Rafferty. 1996. Volatilization of
Polychlorinated Biphenyls During Drying at Ambient Conditions. Chemosphere, 33:899-911.

Clark, T., K. Clark, S. Paterson, D. Mackay, and R.J. Norstrom. Wildlife Monitoring, Modeling,
and Fugacity. Environ. Sci. Technol., 22(2):120-127.

Cobb, G.P.,, P.D. Wood, and M. Quinn. 1997. Polychlorinated Biphenyls in Eggs and
Chorioallantoic Membranes of American Alligators (Alligator mississippiensis)From Coastal
South Carolina. Environmental Toxicology and Chemistry, 16(7):1456-1462.

Connolly, J.P., and D. Glaser. 1998. Use of Food Web Models to Evaluate Bioaccumulation.
National Sediment Bioaccumulation Conference Proceedings. U.S. Environmental Protection
Agency Office of Water EPA 823-R-98-002, p.4-5-4-17.

Cook, P.M., and L.P. Burkhard. 1998. Development of Bioaccumulation Factors for Protection of
Fish and Wildlife in the Great Lakes. National Sediment Bioaccumulation Conference
Proceedings. U.S. Environmental Protection Agency Office of Water EPA 823-R-98-002, p. 3-
19-3-27.

Cornelissen, G., P.C.M. van Noort, and H.A.J. Govers. 1997. Desorption kinetics of chlorbenzenes,
polycyclic aromatic hydrocarbons, and polychlorinated biphenyls: Sediment extraction with
tenex and effects of contact time and solute hydrophobicity. Environ. Toxicol. Chem,
16(7):1351-1357.

DiPinto, L.M. and B.C. Coull. 1997. Trophic transfer of sediment-associated polychlorinated
biphenyls from meiobenthos to bottom-feeding fish. Environ. Toxicol. Chem, 16(12):2568-2575.

Eisler, R., and A.A. Belisle. 1996. Planar PCB Hazards to Fish, Wildlife, and Invertebrates: A
Synoptic Review. Biological Report 31, National Biological Service, U.S. Department of the
Interior: Washington DC, 75pp.

Elonen, G.E., R.L. Spehar, G.W., Holcombe, R.D. Johnson, J.D. Fernandez, R.J. Erickson, J.E.
Tietge, and P.M. Cook. 1998. Comparative Toxicity of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin to
Seven Freshwater Fish Species During Early Life-Stage Development. Environmental
Toxicology and Chemistry, 18(3):472-483.

MK01|0:\20123001.096\MFD_A.wpd A'17 9/22/00



Endicott, D.D., and P.M. Cook. 1994. Modeling the partitioning and bioaccumulation of TCDD and
other hydrophobic organic chemicals in Lake Ontario. Chemosphere, 28(1):75-87.

Erickson, R.J., and J.M. McKim. 1990. A Model for Exchange of Organic Chemicals at Fish Gills.
Aguatic Toxicology, 18:175-198.

Fisk, A.T., R.J. Norstrom, C.D. Cymbalisty, and D.C.G. Muir. 1998. Dietary accumulation and
depuration of hydrophobic organochlorines: bioaccumulation parameters and their relationship
with octanol/water partition coefficient. Environ. Toxicol. Chem, 17(5):951-961.

Forbes, T.L., V.E. Forbes, A. Giessing, R. Hansen, and L.K. Kure. 1998. Relative role of pore water
versus ingested sediment in bioavailability of organic contaminants in marine sediments.
Environ. Toxicol. Chem, 17(12):2453-2462

Freidig, A.P., E.A. Garciano, and F.J.M. Busser. 1998. estimating impact of humic acid on
bioavailability and bioaccumulation of hydrophobic chemicals in guppies using kinetic solid-
phase extraction. Environ. Toxicol. Chem, 147(6):998-1004.

Froese, K.L., D.A. Verbrugge, G.T. Ankley, G.J. Niimi, C.P. Larsen, and J.P. Giesy. 1998.
Bioaccumulation of Polychlorinated Biphenyls From Sediments to Aquatic Insects and Tree
Swallow Eggs and Nestlings in Saginaw Bay, Michigan, USA. Environmental Toxicology and
Chemistry, 18(3):484-492.

Gerstenberger, S.L., M.P. Gallinat, and J.A. Dellinger. 1997. polychlorinated biphenyl congeners
and selected organochlorines in Lake Superior fish, USA. Environ. Toxicol. Chem, 19(11):2222-
2228.

Gilek, M., M. Bjork, D. Broman, N. Kautsky, and C. Naf. 1996. Enhanced accumulation of PCB
congeners by Baltic Sea blue mussels, Mytilus edulis, with increased algae enrichment. Environ.
Toxicol. Chem, 15(9):1597-1605.

Gobas, F.AP.C., and D. Mackay. 1987. Dynamics of Hydrophobic Organic Chemical
Bioconcentration in Fish. Environ. Toxicol. Chem., 6:495-504.

Gobas, F.A.P.C., E.J. McNeil, L. Lovett-Doust and G.D. Haffner. 1991. Bioconcentration of
chlorinated aromatic hydrocarbons in aquatic macrophytes. Environ. Sci. Technol. 25(5):
924-929.

Gobas, F.A.P.C., D.C.G. Muir, and D. Mackay. 1988. Dynamics of Dietary Bioaccumulation and
Faecal Elimination of Hydrophobic Organic Chemicals in Fish. Chemosphere, 17:943-962.

Gobas, F.A.P.C., X. Zhang, and R. Wells. 1993. Gastrointestinal magnification: the mechanism of

biomagnification and food chain accumulation of organic chemicals. Environ. Sci. Technol.
27: 2855-2863.

MK01|0:\20123001.096\MFD_A.wpd A'18 9/22/00



Gobas, F.A.P.C., M.N. Z’Graggen, and X. Zhang. 1995. Time response of the Lake Ontario
ecosystem to virtual elimination of PCBs. Environ. Sci. Technol. 29:2038-2046.

Gutjahr-Gobell, R.E., D.E. Black, L.J. Mills, R.J. Pruell, B.K. Taplin, and S. Jayaraman. 1999.
Feeding the mummichog (Fundulus heteroclitus) a diet spiked with non-ortho- and mono-ortho-
substituted polychlorinated biphenyls: accumulation and effects. Environ. Toxicol. Chem,
18(4):699-707.

Halbrook, R.S., R.J. Aulerich, S.J. Bursian, and L. Lewis. 1999. Ecological Risk Assessment in a
Large River-Reservoir: 8. Experimental Study of the Effects of Polychlorinated Biphenyls on
Reproductive Success in Mink. Environmental Toxicology and Chemistry, 18(4):649-654.

Hill, W.R., and G.E. Napolitano. 1997. PCB congener accumulation by periphyton, herbivores and
omnivores. Arch. Environ. Contam. Toxicol. 32:449-455,

Hoffman, D.J., M.J. Melancon, P.N. Klein, J.D. Eisemann, and J.W. Spann. 1998. Comparative
Developmental Toxicity of Planar Polychlorinated Biphenyl Congeners in Chickens, American
Kestrels, and Common Terns. Environmental Toxicology and Chemistry, 17(4):747-757.

IT Corp. 1999. Bench-scale Testing of Photolysis, Chemical Oxidation and Biodegradation of PCB
Contaminated Soils and Photolysis of TCDD Contaminated Soils. Cooperative Agreement
CR816817-020-0, Risk Reduction Engineering Laboratory; Cincinnati: U.S. Environmental
Protection Agency.

Jafvert, C.T.,and J.E. Rogers. 1990. Biological remediation of contaminated sediments, with special
emphasis on the Great Lakes. Great Lakes National Program Office, EPA-600-991-001.

Kannan, K., H. Nakata, R. Stafford, G.R. Masson, S. Tanabe, and J.P. Giesy. 1998. Environ. Sci.
Technol., 32:1214-1221.

Klasson-Wehler, E., A. Bergman, M. Athanniadou, J.P. Ludwig, H.J. Auman, K. Kannan, M. Van
Den Berg, AJ. Murk, L.A. Feyk, and J.P. Giesy. 1998. Hydroxylated and Methylsulfonyl
Polychlorinated Biphenyl Metabolites in Albatrosses from Midway Atoll, North Pacific Ocean.
Environmental Toxicology and Chemistry, 17(8):1620-1625.

Koelmans, A.A., and E.H.W. Heugens. 1998. Binding constants of chlorobenzenes and
polychlorobiphenyls for algal exudates. Water Science Technology, 37(3):67-73.

Koelmans, A.A., S.F.M. Anzion, and L. Lijklema. 1995. Dynamics of organic micropollutant
biosorption to cyanobacteria and detritus. Environ. Sci. Technol. 29(4):933-940.

Landrum, P. 1998. Kinetic models for assessing bioaccumulation. National Sediment
Bioaccumulation Conference Proceedings. U.S. Environmental Protection Agency Office of
Water EPA 823-R-98-002, P. 1-47-1-50.

Landrum, P., S.R. Nihart, B.J. Eadie, and L.R. Herche. 1987. Reduction in Availability of Organic

MK01|0:\20123001.096\MFD_A.wpd A'lg 9/22/00



Contaminants to the Amphipod Pontoporeia hoyi by Dissolved Organic Matter of Sediment
Interstitial Waters. Environ. Toxicol. Chem., 6:11-20.

Landrum, P.F., M.D. Reinhold, S.R. Nihart, and B.J. Eadie. 1985. Predicting the Bioavailability of
Organic Xenobiotics to Pontoporeia hoyi in the Presence of Humic and Fulvic Materials and
Natural Dissolved Organic Matter. Environmental Toxicology and Chemistry, 4:459-467.

Landrum, P.F., J. A. Robbins. 1990. Bioavailability of Sediment-Associated Contaminants to
Benthis Invertebrates. In R. Baudo, J.P. Giesy, and H. Muntau (eds) Sediments: Chemistry and
Toxicity of In-Place Pollutants, Ann Arbor: Lewis Publishers, pp. 237-263.

Leadley, T.A., G. Balch, C.D. Metcalfe, R. Lazar, E. Mazak, J. Habowsky, and G.D. Haffner. 1998.
Chemical accumulation and toxicological stress in three brown bullhead (Ameiurus nebulosus)
populations of the Detroit River, Michigan, USA. Environ. Toxicol. Chem. 17(9):1756-1766.

Leonards, P.E.G., Y. Zierikzee, U.A.T. Brinkman, W.P. Cofino, N.M. van Straalen, and B. van
Hattum. 1997. The Selective Dietary Accumulation of Planar Polychlorinated Biphenyls in the
Otter (Lutra lutra). Environmental Toxicology and Chemistry, 16(9):1807-1815.

Loonen, H., D.C.G. Muir, J.R. Parsons and H.A.J. Govers. 1997. Bioaccumulation of
polychlorinated dibenzo-p-dioxins in sediment by oligochaetes: Influence of exposure pathway
and contact time. Environ. Toxicol. Chem. 16(7):1518-1525.

Maaret, K., K, Leif, and H. Bjarne. 1992. Studies on the Partition Behavior of Three Organic
Hydrophobic Pollutants in Natural Humic Water. Chemosphere, 24(7):919-925.

Mackay, D., W.Y. Shiu, J. Billington, and G.L. Huang. 1983. Chapter 4 Physical Chemical
Properties of Polychlorinated Biphenyls. In D. Mackay, S. Paterson, S.J., Eisenreich, and M.S.
Simmons (eds.) Physical Behavior of PCBs in the Great Lakes. Ann Arbor, Mich.: Ann Arbor
Science, pp. 59-69.

Maruya, K.A., and R.F. Lee. 1998. Biota-Sediment Accumulation and Trophic Transfer Factors for
Extremely Hydrophobic Polychlorinated Biphenyls. Environmental Toxicology and Chemistry,
17(12):2463-2469.

Matta, M.B., C. Cairncross and R.M. Kocan. 1998. Possible effects of polychlorinated biphenyls on
sex determination in rainbow trout. Environ. Toxicol. Chem. 17(1):26-29.

McKim, J.M., P.K. Schneider, and G. Veith. 1985. Absorption dynamics of organic chemical
transport across trout gills as related to octanol-water partition coefficient. Toxicol. Appl.
Pharmacol. 77: 1-10.

Neely, W.B. 1983. Chapter 5 Reactivity and Environmental Persistence of PCB Isomers. In Mackay,

D., S. Paterson, S.J. Eisenreich, and M.S. Simmons (eds.), Physical Behavior of PCBs in the
Great Lakes, Ann Arbor Mich.: Ann Arbor Science, pp. 71-88.

MK01|0:\20123001.096\MFD_A.wpd A'20 9/22/00



Newman, J.W., J.S. Becker, G. Blondina, and R.S. Tjeerdema. 1998. Quantitation of Aroclors Using
Congener-Specific Results. Environmental Toxicology and Chemistry, 17(11):2159-2167.

Nichols, J. W., K. M. Jensen, J. E. Tietge, and R. D. Johnson. 1998. Physiologically Based
Toxicokinetic Model for Maternal Transfer of 2,3,7,,8-Tetrachlorodibenzo-p-Dioxin in Brook
Trout (Salvelinus fontinalis). Environmental Toxicology and Chemistry, 17(12):2422-2434.

NIEHS. 1999. Research Brief 50: Bioavailability of Chlorinated Hydrocarbons in the Diet.
NIEHS/EPA Superfund Research Program, 2 pp.

Oliver,B.G.and A.J. Niimi. 1988. Trophodynamic Analysis of Polychlorinated Biphenyl Congeners
and Other Chlorinated Hydrocarbons in the Lake Ontario Ecosystem. Environ. Sci. Technol.
22:388-397.

Parker, R.A., and A.D. Hasler. 1959. Movements of Some Displaced Centrarchids. Copeia,
1959(1):11-18. Cited in Bryant, H.E., and A. Houser. Population Estimates and Growth of
Largemouth Bass in Beaver and Bull Shoals Reservoirs. In Hall, G.E., ed. 1971. Reservoir
Fisheries and Limnology, Washington DC: American Fisheries Society, pp. 349-357.

Pelka, A. 1998. Bioaccumulation Models and Applications: Setting Sediment Cleanup Goals in the
Great Lakes. National Sediment Bioaccumulation Conference Proceedings. U.S. Environmental
Protection Agency Office of Water EPA 823-R-98-002, p. 5-9-5-30.

Quensen, J.F., M.A. Mousa, S.A. Boyd, T. Sanderson, K.L. Froese, and J.P. Giesey. 1998. Reduction
of Aryl Hydrocarbon Receptor-Mediated Activity of Polychlorinated Biphenyl Mixtures Due to
Anaerobic Microbial Dechlorination. Environmental Toxicology and Chemistry, 17(5):806-813.

Russell, R.W., K.A. Gillan, and G.D. Haffner. 1997. Polychlorinated Biphenyls and Chlorinated
Pesticides in Southern Ontario, Canada, Green Frogs. Environmental Toxicology and Chemistry,
16(11):2258-2263.

Sample, B.E., and G.W. Suter II. 1999. Ecological Risk Assessment in a Large River-Reservoir: 4.
Piscivorous Wildlife. Environmental Toxicology and Chemistry, 18(4):610-620.

Schweitzer, L.E., J.E. Hose, I.H. Suffet and S.M. Bay. 1997. Differential toxicity of three
polychlorinated biphenyl congeners in developing sea urchin embryos. Environ. Toxicol. Chem.
16(7):1510-1514.

Sijm, D.T.H.M. and A. van der Linde. 1995. Size-dependent bioconcentration kinetics of
hydrophobic organic chemicals in fish based on diffusive mass transfer of allometric
relationships. Environ. Sci. Technol. 29(11):2769-2777.

Sijm, D.T.H.M., K.W. Broersen, D.F. de Roode, and P. Mayer. 1998. Bioconcentration kinetics of

hydrophobic chemicals in different densities of Chlorella pyrenoidosa. Environ. Toxicol.
Chem. 17(9):1695-1704.

MK01|0:\20123001.096\MFD_A.wpd A'21 9/22/00



Sokol, R.C., C.M. Bethoney, and G-Y. Rhee. 1998a. Effect of Aroclor 1248 concentration on the
rate and extent of polychlorinated biphenyl dechlorination. Environ. Toxicol. Chem.
17(10):1922-1926.

Sokol, R.C., C.M. Bethoney, and G-Y. Rhee. 1998b. Reductive dechlorination of preexisting
sediment polychlorinated biphenyls with long-term laboratory incubation. Environ. Toxicol.
Chem. 17(6):982-987.

Stange, K. and D.L. Swackhamer. 1994. Factors affecting phytoplankton species-specific differences
inaccumulation of 40 polychlorinated biphenyls (PCBs). Environ. Toxicol. Chem. 13(11):1849-
1860.

Stow, C.A., and S.R. Carpenter. 1994. PCB Accumulation in Lake Michigan Coho and Chinook
Salmon: Individual-Based Models Using Allometric Relationships. Environmental Science &
Technology, 28:1543-1549.

Suedel, B.C., T.M. Dillon and W.H. Benson. 1997. Subchronic effects of five di-ortho PCB
congeners on survival, growth and reporduction in the fathead minnow Pimephales promelas.
Environ. Toxicol. Chem. 16(7):1526-1532.

Swackhamer, D.L., and R.S. Skoglund. 1991. The Role of Phytoplankton in the Partitioning of
Hydrophobic Organic Contaminants in Water. In Baker, R.A., ed., Organic Substances and
Sediments in Water Vol. 2 C Processes and Analytical, Lewis: Chelsea Ml, pp. 91-105.

Thomann, R.V., and K.J. Farley. 1998. Bioaccumulation Modeling of PCBs in the Hudson Estuary:
A Review and Update. National Sediment Bioaccumulation Conference Proceedings. U.S.
Environmental Protection Agency Office of Water EPA 823-R-98-002, p. 4-19-4-22.

Thomann, R.V. and J.A. Mueller. 1983. Steady-state modeling of toxic chemicals-Theory and
application to PCBs in the Great Lakes and Saginaw Bay, Mackay et al., eds. Physical Behavior
of PCBs in the Great lakes, Ann Arbor Science, Ann Arbor, Ml, 442. pp

Thomann, R.V.and J.A. Mueller. 1987. Principles of Surface Water Quality Modeling and Control.
Harper & row, New York, NY. 644 pp.

Thomann, R.V., J.A. Mueller, R.P. Winfield and Chi-Rong Huang. 1991. Model of fate and
accumulation of PCB homologues in Hudson estuary. Journal of Environmental Engineering
117(2):161-178.

Traas, T.P., R. Luttik, O. Klepper, P.E.G. Leonards, J.E.M. Beurskens M.D, Smit, and A.G.M. van
Hattum. In Press. Modeling Time-Trends of PCBs on Otters and Associated Quality Objectives
for PCB in Sediments.

van Bavel, B., P. Andersson, H. Wingfors, J. Ahgren, P-A Bergquist, L. Norrgren, C. Rappe, and M.

Tysklind. 1996. Multivariate Modeling of PCB Bioaccumulation in Three-spined Stickleback
(Gasterosteus aculeatus). Environmental Toxicology and Chemistry, 15(6):947-954.

MK01|0:\20123001.096\MFD_A.wpd A'22 9/22/00



Van den Berg, M. L. Birnbaum, A.T.C. Bosveld, and 20 other co-authors. 1998. Toxic Equivalency
Factors (TEFs) for PCBs, PCDDs, PCDFs for Humans and Wildlife. Environmental Health
Perspectives, 106(12):775-792.

Van Dort, HM. and D.L. Bedard. 1991. Reductive ortho and meta Dechlorination of a
Polychlorinated Biphenyl Congener by Anaerobic Microorganisms. Applied Environ.
Microbiology, 57:5:1576-1578.

Wang, X., Y. Ma, W. Yu, and H.J. Geyer. 1997. Two-Compartment Thermodynamic Model for
Bioconcentration of Hydrophobic Organic Chemicals by Alga. Chemosphere, 35(8):1781-1797.

Wang, J.S. 1998. Accumulation and Depuration of Aqueous and Dietary PCB (Aroclor 1254) by
Striped Bass (Morone saxatilis). Bulletin Environmental Contamination Toxicology, 60:104-111.

WESTON (Roy F. Weston, Inc.) Supplemental Investigation Work Plan, Technical Support
Services, General Electric (GE) Housatonic River Project, Pittsfield, Massachusetts. Final
Report. VVol. | - Text and Figures & Vol. Il - Appendices. Prepared by Roy F. Weston, Inc. West
Chester, PA. Prepared for U.S. Army Corps of Engineers, New England District, Concord, MA.

Willman, E.J., J.B. Manchester-Neesvig, and D.E. Armstrong. 1997. Influence of ortho-substitution
on patterns of PCB accumulation in sediment, plankton, and fish in a freshwater estuary.
Environ. Sci. Technol. 31(12):3712-3718.

Wood, L.W., P.O. Keefe and B. Bush. 1997. Similarity analysis of PAH and PCB bioaccumulation
patterns in sediment-exposed Chironomus tentans larvae. Environ. Toxicol. Chem. 16(2):283-
292.

Wu, Q., and J. Wiegel. 1997. Two Anaerobic Polychlorinated Biphenyl-Dehalogenating
Enrichments That Exhibit Different para-Dechlorination Specificities. Applied and
Environmental Microbiology, 63:12:4826-4832.

Wu, Q., D.L. Bedard, and J. Wiegel. 1996. Influence of Incubation Temperature on the Microbial
Reductive Dechlorination of 2,3,4,6-Tetrachlorobiphenyl in Two Freshwater Sediments. Applied
and Environ. Microbiology, 62:11:4174-4179.

Wu, Q., D.L. Bedard, and J. Wiegel. 1999. 2,6-Dibromobiphenyl Primes Extensive Dechlorination
of Aroclor 1260 in Contaminated Sediment at 8 to 30°C by Stimulating the Growth of Anaerobic
PCB-Dehalogenating Microorganisms. Environ. Sci. Technol., 33:595-602.

Wu, Q., D.L. Bedard, and J. Wiegel. 1997a. Effect of Incubation Temperature on the Route of
Microbial Reductive Dechlorination of 2,3,4,6-Tetrachlorobiphenyl in Polychlorinated Biphenyl
(PCB)-Contaminated and PCB-Free Freshwater Sediments. Applied and Environmental
Microbiology, 63:7:2836-2843.

Wu, Q., D.L. Bedard, and J. Wiegel. 1997b. Temperature Determines the Pattern of Anaerobic
Microbial Dechlorination of Aroclor 1260 Primed by 2,3,4,6-Tetrachlorobiphenyl in Woods

MK01|0:\20123001.096\MFD_A.wpd A'23 9/22/00



Pond Sediment. Applied and Environmental Microbiology, 63:12:4818-4825.

Zaranko, D.T., R.W. Griffiths, and N.K. Kaushik. 1997. Biomagnification of Polychlorinated
Biphenyls Through a Riverine Food Web. Environ. Toxicol.Chem., 16(7):1463-1471.

MK01|0:\20123001.096\MFD_A.wpd A'24 9/22/00



	Table of Contents
	PCB Classification and Physical/Chemical Properties
	Chemical and Microbial Degradation and Loss
	Sorption and Desorption to Organic Matter and Bioavailability
	Bioaccumulation and Biotransformation
	Toxicity
	References

	List of Tables
	Table 1 Examples of Structure and Physical/Chemical Properties of PCBs
	Table 2 World Health Organization Toxic Equivalency Factors

	List of Figures
	Figure 1 Structure and Nomenclature of PCBs


